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[1] This study uses offline simulations with a land surface model to explore how the

future response of potential vegetation to elevated CO2 and attendant climate changes
feeds back to influence surface hydrological processes. Climate changes are those
projected by eight General Circulation Models (GCMs) under the SRESA1B, and the
potential natural vegetation structure corresponding to the Preindustrial control and
SRESA1B 2100 climate of the 8 GCMs are simulated by a dynamic global vegetation
model integrated to equilibrium. For climate change forcing from each GCM, comparisons
are made among three surface hydrology simulations using CLM3.0 driven with different
combinations of climate forcing, atmospheric CO2 concentration, and potential natural
vegetation. These simulations are designed to separate the effect of structural vegetation
feedback from the combined influence of climate and CO2 changes. With the exception of
the HadCM scenario, all other GCM scenarios broadly agree on the spatial patterns of
structural vegetation feedbacks on surface temperature and surface water budget, although
the response of soil moisture varies considerably among the GCM scenarios especially
in the tropics. With the HadCM excluded, averages over the seven GCM scenarios
indicate that the CO2-induced warming in winter is stronger than in summer in the
northern mid and high latitudes, and structural vegetation feedback enhances the winter
warming and reduces the summer warming over a large portion of these regions; the
global hydrological cycle is expected to accelerate in a warmer future climate, while the
structural vegetation feedback further increases evapotranspiration in a major portion of
the globe, including parts of South America, tropical Africa, Southeast Asia, and
regions north of approximately 45°N, suggesting that vegetation feedback could further
accelerate the hydrological cycle. Averaged over the globe, this increase in
evapotranspiration due to structural vegetation feedback is equivalent to 78% of that due
to climate and CO2 changes. When changes in vegetation structure are not considered, the
7-model average response of soil moisture to climate and CO2 changes is characterized by
wetter soil conditions in the northern high latitudes and parts of the midlatitudes.
Structural vegetation feedback, however, causes strong midlatitude dryness both in the
winter and in the summer. The impact of vegetation changes corresponding to the
HadCM-projected climate changes is markedly different, being either more extreme or in a
different direction than that corresponding to the other GCMs examined. Our results are
constrained by the lack of consideration for human land use changes and vegetation
feedback to climate, as well as the uncertainty related to the highly disputed physiological
response of ecosystems to elevated CO2. Nevertheless, this study demonstrates that
climate- and CO2-induced changes in potential vegetation structure substantially influence
the surface hydrological processes, thus emphasizing the importance of including
vegetation feedback in future climate change predictions.
Citation: Alo, C. A., and G. Wang (2008), Hydrological impact of the potential future vegetation response to climate changes
projected by 8 GCMs, J. Geophys. Res., 113, G03011, doi:10.1029/2007JG000598.
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[2] The interactions between atmospheric composition,
climate, and vegetation are widely recognized. It is generally
accepted that radiative effects of rising atmospheric CO2
concentration are leading to an increase in surface temperatures with hydrological consequences [IPCC, 2007]. Plant
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physiological response to CO2 enhancement (e.g., increase
in plant water use efficiency resulting from reduced transpiration in a CO2-enriched atmosphere) can further influence temperature and hydrological conditions. Both CO2
changes and the resulting temperature and hydrological
changes influence vegetation and may lead to significant
biogeographic changes. On the other hand, structural
changes in vegetation imply modifications in land surface
properties such as albedo, surface roughness, rooting depth,
stomatal resistance and leaf area index (LAI) [Foley et al.,
2000], and these feed back on the hydrological cycle and
climate through the energy and water fluxes [Arora and Boer,
2003], and by impacting carbon storage at the land surface.
Past research on biosphere-atmosphere interactions is replete
with indications of such mechanistic links between vegetation and climate including the hydrological cycle [e.g., Xue
and Shukla, 1993; Betts et al., 2007, 2004; Levis et al., 1999;
Xue et al., 2001; Snyder et al., 2004]. Chase et al. [2001]
showed that the climatic impact of historical land cover
changes is comparable to that of past atmospheric CO2
increase combined with aerosols. However, most climate
predictions, including those upon which the 4th Assessment
Report of the Intergovernmental Panel on Climate Change
(IPCC AR4) is based, do not include vegetation response to
climate changes. How atmospheric CO2, climate, and vegetation will interact to shape future climatic and biosphere
conditions is therefore largely unknown.
[3] Greenhouse gas-induced changes in future climate as
predicted by eight General Circulation Models (GCMs)
contributing to the IPCC AR4 have been shown to substantially alter the simulated global distribution of potential
natural vegetation [Alo and Wang, 2008]. While modeled
hydrological effects may have contributed to induce these
vegetation changes, modified vegetation characteristics may
have also contributed to the simulated changes in hydrological conditions under future climate. This leads to a
question which this paper seeks to address: Does the
structural vegetation response to climate change considerably modify the hydrological impact of climate change?
This is an important question because of potential implications for climate predictions using models (e.g., IPCC AR4
models) that do not include vegetation dynamics. Feddema
et al. [2005] determined that the inclusion of effects of
projected changes in land cover (due to climate and human
land use changes) for the IPCC Special Report on Emissions Scenarios (SRES) A2 and B2 made an important
difference in regional climates simulated by the Department
of Energy Parallel Climate Model (DOE-PCM). In the
present study, though, human land use changes and plant
migration processes, effects that may limit ecosystem
responses [Neilson et al., 2005; Higgins and Harte, 2006]
and associated hydrological impacts, are not incorporated.
While at present modeling the physiological response of
ecosystems to CO2 enrichment remains a challenge, past
studies [e.g., Leipprand and Gerten, 2006; Betts et al., 2007]
have highlighted the importance of including CO2 physiological effects in assessing hydrological impacts of CO2induced climate change. The complexity of responses
among plot level manipulative case-study CO2 experiments
and the difficulty in translating results from these experiments to the ecosystem scale [Norby and Luo, 2004;
Walther et al., 2002] pose the challenge in accurately
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parameterizing responses to CO2 in models. In this study
we include CO2 physiological effects based on current
modeling capabilities, while recognizing the reliance of
modeled effects on our model’s accuracy in its parameterization of responses to CO2. Furthermore, we recognize that
a climate modeling framework with full representation of
vegetation dynamics is ideally suited to examining the
feedbacks of climate-induced changes in vegetation on the
hydrological cycle and climate. However, given the model
dependence of climate predictions, and before the common
use of fully coupled models in climate prediction, using a
land surface model (offline) to explore the surface hydrological impacts of long-term potential natural vegetation
changes (as simulated by a dynamic vegetation model) due
to climate changes (as predicted by GCMs in the IPCC
AR4) provides a computationally less expensive means to
evaluate the first-order effects of vegetation feedback. Such
an analysis, as in this paper, will demonstrate the role of
vegetation in surface hydrology under climate change in the
future and will also provide a foundation that should
facilitate the understanding of effects of vegetation feedback
in fully coupled simulations.
[4] In this study, by driving a state-of-the-science land
surface model with climate changes predicted by eight
different GCMs and with simulated equilibrium natural
potential vegetation changes consistent with each GCM’s
climate prediction, we assess the hydrological impact of
potential natural vegetation changes. Here, we focus on the
sensitivities of variables related to surface hydrological
conditions, such as surface temperature, evapotranspiration,
soil moisture, and runoff, to simulated natural vegetation
changes for the future. For a qualitative comparison of
relative importance, we separate the contribution of structural vegetation changes to simulated hydrological changes
from that of the elevated atmospheric CO2 concentration
(physiological effect) and CO2-induced climate change
combined. The next section describes the methods used,
followed by results in section 3. We discuss the results and
summarize the main findings of the study in section 4.

2. Methods
2.1. Land Surface Model
[5] We assess the surface hydrological impact of climateinduced vegetation structural changes using the National
Center for Atmospheric Research (NCAR) Community
Land Model 3.0 (CLM3.0 [Oleson et al., 2004]). As
detailed by Oleson et al. [2004], the model describes the
state of the land surface and simulates flux exchanges of
energy, water, momentum, and CO2 between the land
surface and the atmosphere. CLM3.0 has one vegetation
layer, ten unevenly spaced soil layers, and up to five snow
layers depending on snow depth. Vegetation is represented
by a combination of different plant functional types (PFTs)
to account for differences in plant physiognomy, leaf shape
and longevity, and photosynthetic pathway. While CLM3.0
with observed vegetation considers 16 PFTs, only 10 PFTs
are simulated by the CLM-DGVM. Since vegetation in this
study is derived from CLM-DGVM simulations [Alo and
Wang, 2008], only 10 PFTs, namely, needleleaf evergreen
temperate trees, needleleaf evergreen boreal trees, broadleaf
evergreen tropical trees, broadleaf evergreen temperate
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trees, broadleaf deciduous tropical trees, broadleaf deciduous temperate trees, broadleaf deciduous boreal trees, C3
arctic grasses, C3 nonarctic grasses and C4 grasses, are
included. The model is driven with atmospheric forcing
(precipitation, specific humidity, solar radiation, temperature, and wind speed) and land surface boundary conditions
(fraction of grid cell covered by glaciers, lakes, wetlands,
and vegetation, fractional coverage of PFTs and their LAI
and stem area index (SAI) values over vegetated land, and
soil properties).
[6] In an evaluation of the performance of CLM3.0 when
coupled with the Community Atmosphere Model, Dickinson
et al. [2006] suggested that better treatments of canopy
interception, soil water storage, runoff and transpiration
could improve a prominent dry bias they identified in the
Amazon. Bonan and Levis [2006] noted that reducing
canopy-intercepted precipitation improved the simulated
global vegetation distribution and NPP in their offline
CLM-DGVM simulations. The version of CLM3.0 used
in this study includes an improved canopy hydrology
scheme that reduces canopy interception by accounting
for impacts of precipitation subgrid variability (see Wang
and Wang [2007] and Wang et al. [2007] for details).
2.2. Atmospheric Forcing and Surface Data
[7] Atmospheric forcing data used in this study are
identical to those used by Alo and Wang [2008]. The
forcings were based on climatological monthly means
derived from preindustrial control simulations (PICNTRL)
and SRESA1B stabilization experiments of eight GCMs
that participated in IPCC AR4. In PICNTRL, atmospheric
CO2 concentration is held constant at 275 ppm; in SRESA1B, CO2 concentration follows the SRESA1B scenario
from 2000 to 2100 and stabilizes at 720 ppm beyond 2100
[Nakicenovic and Swart, 2000]. The monthly data were
linearly interpolated to daily resolution first; the hourly
values were then derived from the daily data using a
weather generator [Foley et al., 1996]. The eight GCMs
that provided the atmospheric forcing are: US National
Center for Atmospheric Research CCSM3 (CCSM hereafter), US Geophysical Fluid Dynamics Laboratory GFDLCM2.1 (GFDL hereafter), US Goddard Institute for Space
Studies GISS-ER (GISS hereafter), UK Hadley Center for
Climate Prediction and Research UKMO-HadCM3 (HadCM
hereafter), Germany Max Planck Institute for Meteorology
ECHAM5/MPI-OM (ECHAM hereafter), Japan Center for
Climate System Research’s MIROC3.2 (MIROC hereafter),
Canadian Centre for Climate Modeling and Analysis
CCCma-CGCM3.1/T47 (CGCM hereafter), and China
Institute of Atmospheric Physics FGOALS-g1.0 (FGOALS
hereafter). The SRESA1B forcing we use is from the
period 2071– 2100.
[8] Soils, lakes, wetlands, and glaciers data are supplied
with the publicly available CLM3.0 distribution (http://
www.cgd.ucar.edu/tss/clm/distribution/clm3.0/). Potential
natural vegetation structure and distribution is obtained
from our prior 200-year simulations by CLM-DGVM
driven with the PICNTRL and SRESA1B climates from
the various GCMs [Alo and Wang, 2008]. These are used to
prescribe the vegetation in our surface hydrological simulations with CLM3.0, which is done through initializing
CLM-DGVM with initial files previously written by CLM-
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DGVM at the end of each 200-year simulation and running
CLM-DGVM but disabling the yearly update of vegetation
structure. Although the structure update at the yearly
timescale is disabled, the phenology module is still active.
Essentially, vegetation structure and distribution are prescribed, but the seasonal course of LAI is predicted by the
phenology scheme.
[9] Vegetation structural changes at the PFT level include
changes in fractional coverage, height, number of individuals, LAI and SAI. A detailed description of the vegetation
structural changes is found elsewhere [Alo and Wang,
2008]. The prior CLM-DGVM simulations with the standard LAI parameterization produced LAI values (>12)
much higher than observed in portions of tropical rain
forests under some of the climate forcing scenarios. This
resulted in very large increases in LAI (DLAI  6) in parts
of the Amazon and Central Africa [Alo and Wang, 2008].
Given that the focus of the present paper is on hydrological
processes, and LAI is a key driver of the processes, we
constrain the LAI of each vegetation type not to exceed 10
in the CLM3.0 simulations in this study so as to improve the
realism of simulated LAI changes. Figure 1 shows the
spatial distribution of grid-average LAI changes from
PICNTRL to SRESA1B corresponding to the eight GCMs
we used. Except for the HadCM scenario (which shows
strong LAI decreases in South America and Africa), widespread LAI increases are seen across the globe for all other
GCM scenarios. In contrast with the other GCMs, the GISS
scenario yields no LAI changes in a large portion of the
northern high latitudes. It is important to note that while
LAI increases across the globe and across GCM scenarios,
decreases in fractional coverage of evergreen trees in favor
of deciduous trees are widespread in the tropics due to water
stress [Alo and Wang, 2008]. In the high latitudes, higher
temperature and longer growing season generally favor
expansion of needleleaf evergreen trees and/or deciduous
trees at the expense of grasses. There are observational
studies that showed widespread expansion of shrubs in the
Arctic over the past 50 years, apparently in response to a
warming climate [Sturm et al., 2001; Tape et al., 2006].
2.3. Experimental Design
[10] Three simulations were performed with CLM3.0 for
climate forcing and vegetation pertaining to each of the
eight GCMs (Table 1). In simulation PIC, CLM3.0 was
forced with the PICNTRL climate, a fixed atmospheric CO2
concentration of 275 ppm, and a prescribed potential natural
vegetation state consistent with the PICNTRL CO2 concentration and climate. In simulation A1B, the model was
forced with the SRESA1B 2100 climate, a fixed CO2
concentration of 720 ppm, and a prescribed potential natural
vegetation state consistent with the SRESA1B 2100 CO2
concentration and climate. Simulation A1B_PICVEG was
forced with the SRESA1B 2100 climate, a fixed CO2
concentration of 720ppm, but a prescribed potential natural
vegetation state consistent with the PICNTRL CO2 concentration and climate. Thus a total of twenty-four simulations
were performed. In all simulations, CLM3.0 was run for 10
years at the T42 spatial resolution (approximately 2.8° by
2.8°) and a time step of 30 minutes. We discarded the first 5
years for land surface spin-up, and present results based on
averages of the last 5 years of the simulations. This
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Figure 1. Simulated changes in LAI of potential natural vegetation (LAI under SRESA1B climate
minus LAI under PICNTRL climate) (in m2/m2) for the eight GCM scenarios. Note that tropical rain
forest LAI increases under some GCM scenarios shown here are less pronounced than those shown by
Alo and Wang [2008]. Here we constrain the LAI of each vegetation type not to exceed 10 in simulations
for both the PICNTRL and SRESA1B climates whereas in the work of Alo and Wang [2008], the
standard CLM3.0 LAI parameterization is used.
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Table 1. Climate, Atmospheric CO2 Concentration, and Potential
Natural Vegetation Scenarios Used for the Simulations With
CLM3.0
Simulation

Climate

CO2

PIC
AIB
A1B_PICVEG

Preindustrial
SRESA1B 2100
SRESA1B 2100

275 ppm
720 ppm
720 ppm

Potential Vegetation
Preindustrial
SRESA1B 2100
Preindustrial

experimental design allows us to isolate the impact of
vegetation structural changes from the combined impact
of climate change and CO2 physiological effects. Differences between A1B_PICVEG and PIC reveal the combined
impact of climate change and physiological response on
surface hydrological processes, whereas differences between
A1B and A1B_PICVEG depict the impact of structural
vegetation feedback.

3. Results
3.1. Surface Temperature
[11] With the exception of HadCM, surface temperature
response to the combination of elevated CO2 and climate
change for the different GCM scenarios shows a consistent
spatial pattern. The left column of Figure 2a shows the
changes in mean surface temperature for the winter
(December – January – February (DJF)) and summer (June –
July – August (JJA)) seasons due to the combined impact
of CO2-induced climate change and vegetation physiological response, with the magnitude of temperature changes
ranging from 2°C to more than 6°C, depending on the
location and season. Here, the changes are averaged over
seven of the eight GCM scenarios (HadCM excluded) since
intermodel differences are small for the seven. Although
atmospheric CO2 concentration, and therefore the radiative
effect of CO2 increase, is fairly spatially uniform, warming
is noticeably stronger in the northern high latitudes in DJF
both relative to other regions in the same season and relative
to other seasons over the same region. The additional DJF
warming in the high latitudes partly results from the effect
of the lower surface albedo due to decreased snow cover
under global warming.
[12] This seasonal and spatial contrast is further enhanced
when the impact of vegetation structural changes is considered (Figure 2a, right column). In DJF, vegetation feedback
warms the snow covered high latitudes. The strong increases
of LAI in these regions (Figure 1) increase masking of
snow, thus lowering albedo and causing the warming [Betts
et al., 2000]. Some weak cooling impact is produced by
structural vegetation impact over portions of western and
central United States, and over portions of eastern and
central Asia, possibly as a result of increased evapotranspiration due to higher LAI. In JJA, increased evapotranspiration resulting from LAI increases leads to strong cooling in
large portions of the middle and high latitudes. In northern
Russia and Alaska, shifts from grass dominance under the
PICNTRL climate to needleleaf evergreen tree dominance
under future climate generally underlie the LAI changes
[see Alo and Wang, 2008]. In northern Russia, the cooling
impact of increased evapotranspiration due to LAI increase
and the competing warming effect of increased net radiation
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due to the lower albedo of needleleaf evergreen trees than
grassland seem to offset each other, leading to negligible
impact of structural vegetation feedback on surface temperature in a large portion of this region in JJA. The albedo
effect, hence the warming impact of vegetation feedback,
dominates in portions of Alaska in JJA. Compared with the
combined climate change and CO2 physiological effects,
vegetation structural changes have a much smaller impact
on surface temperature in the middle and high latitudes,
amplifying the warming by 6% (+0.4°C, on average, over
the region indicated by boxes in Figure 2) in DJF and
reducing the warming by 8% (0.3°C) in JJA. No
considerable effects are found in most of the tropics.
[ 13 ] The character of temperature response in the
HadCM-driven simulation is notably different than in simulations driven by the other GCM predictions. In DJF, larger
LAI increases simulated under the HadCM scenario lead to
stronger additional warming (+0.7°C over boxed region
shown in Figure 2, compared to an average of +0.4°C for
the other GCMs) in the high latitudes. In JJA, however, the
warming effect of lower albedo offsets the cooling impact of
higher evapotranspiration in most of the mid and high
latitudes. In contrast to the other GCM scenarios, large
decreases in LAI (associated with collapse of tropical
forests) in South America and Africa under the HadCM
scenario results in widespread amplification of warming in
these regions, both in DJF and in JJA (Figure 2b, right
column).
3.2. Surface Hydrologic Responses
3.2.1. Evapotranspiration
[14] The three components of annual evapotranspiration
respond to vegetation structural changes differently (Figure 3).
As expected, the spatial distribution of changes in interception loss (evaporation of canopy-intercepted water) conforms to the spatial distribution of LAI changes, with
widespread increases across the globe under nearly all the
GCM scenarios. The main exception is found in the
HadCM-driven simulation where over South America and
Central Africa, the collapse of tropical forests leads to
strong decreases in LAI and therefore strong reductions
in interception loss. Moderate to minor decreases in interception loss, coinciding with decreases in LAI, in parts of
West Africa, Southern Africa, northern South America
and southwestern North America are also seen in simulations for some models (e.g., HadCM, GFDL, CGCM, and
FGOALS).
[15] Canopy transpiration increases in some portions of
the middle and high latitudes in response to vegetation
changes, although the increases appear to be on a quite
small scale and differ between scenarios, relating predominately to increases in LAI. In most places in the middle and
high latitudes, with no or slight increase in precipitation
(Figure 4), increased canopy interception promoted by
higher LAI leaves less water available to infiltrate into the
soil, leading to reduced soil water availability. This acts to
maintain transpiration in those locations at levels close to
the preindustrial rates despite the increases in LAI under the
future climate. Thus no noticeable changes in canopy
transpiration are seen in many portions of the middle and
high latitudes across all the GCM scenarios. Generally,
except for the HadCM scenario, decreases in transpiration
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Figure 2. Spatial distribution of surface temperature (2-m air temperature) changes (in °C) due to
climate and CO2 changes combined (left column), and due to vegetation structural changes alone (right
column), (a) averaged for all the GCMs excluding HadCM, and (b) for HadCM, during December to
February (top row) and during June to August (bottom row). Boxes indicate the region used for averaging
in order to provide quantitative estimates of changes.

6 of 16

G03011

G03011

ALO AND WANG: HYDROLOGIC IMPACT OF VEGETATION CHANGES

Figure 3. Changes in components of annual evapotranspiration between the preindustrial and future
states (in mm) due to vegetation structural changes alone (i.e., A1B-A1B_PICVEG) for the eight different
GCM scenarios: evaporation of canopy-intercepted water (first column), canopy transpiration (second
column), and ground evaporation (third column).
7 of 16
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Figure 4. Projected changes (SRESA1B minus PICNTRL) in annual precipitation (in mm) by the eight
GCMs.
in response to vegetation structural changes are widespread
in the tropics for all GCM scenarios. This is attributable to
soil water stress that causes widespread decline of evergreen
trees in favor of deciduous trees [Alo and Wang, 2008], with

the latter not transpiring in the leaf-off season. In contrast,
under the HadCM scenario, the change from evergreen tree
dominance to grass dominance in most of the tropics [Alo
and Wang, 2008] leads to an increase in canopy transpira-
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Figure 5. Spatial distribution of changes in annual evapotranspiration between preindustrial and future
states (in mm) due to climate and CO2 changes combined (left column), and due to vegetation structural
changes alone (right column) for the eight different GCM scenarios.
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Table 2. Comparison of Simulated Annual Interception Loss Ratio in the 7-Model Average of the PIC Experiments With Published
Observations
Observations

CLM3.0 (Simulation PIC)

Location

Interception
Loss Ratio, %

Source

Region Averaged

Interception
Loss Ratio, %

38°320N, 121°460W
54°60N, 10°150E
1°330S, 37°80E
4°20S, 79°50W
31°520S, 141°290E

15
10.9
10.7
36.4
1.1

Xiao et al. [2000]
Hörmann et al. [1996]
Jackson [2000]
Fleischbein et al. [2005]
Dunkerley and Booth [1999]

38°N – 43°N, 115°W – 120°W (W U.S.)
49°N – 54°N, 8°E – 13°E (W. Europe)
3°S – 2°N, 34°E – 39°E (E. Africa)
2°S – 7°S, 74°W – 79°W (NW S. America)
28°S – 33°S, 139°E – 144°E (SE Australia)

12
13
25.6
32
2.7

tion despite the decreases in LAI in these areas. There is less
competition for radiation per unit leaf area for grasses than
for evergreen trees and more water reaches the ground since
grasses intercept less, resulting in increased transpiration.
[16] For each of the GCM scenarios, the spatial distribution of ground evaporation response to changes in vegetation structure is consistent with LAI changes, and consistent
with changes in interception loss for that matter. As LAI
increases (decreases), more (less) ground area is shaded, so
ground evaporation decreases (increases).
[17] Since over vegetated land, interception is the first of
a sequence of hydrological processes that happen after the
rain falls, the response of total evapotranspiration to vegetation structural changes is dominated by the response of
canopy interception loss (Figure 5, right column). Therefore
the overall signal is an increase of evapotranspiration as
a result of vegetation structural changes, with the only
exception in the HadCM scenario where LAI decreases
and vegetation degradation together cause decreases in
evapotranspiration in most of the tropics. The magnitude
of the evapotranspiration changes is, in general, much
smaller than that of interception loss changes, as changes
in interception loss are partially offset by changes in canopy
transpiration and ground evaporation. It is likely that the
dominance of canopy interception in determining the
changes in evapotranspiration relates in part to a known
deficiency in the partitioning of evapotranspiration by
CLM3.0 [Hack et al., 2006; Lawrence et al., 2007].
Lawrence et al. [2007] found the partitioning of global
evapotranspiration to be 13% transpiration, 44% ground
evaporation, and 43% interception loss, in a default
CLM3.0 simulation driven by observed climate. The 7-model
average of our PIC simulations shows the partitioning to
be 27% transpiration, 40% ground evaporation, and 33%
interception loss, at the global scale. Although ground
evaporation remains the dominant component instead of
transpiration as suggested by available observations and
other model-based estimates (e.g., 48% transpiration, 36%
ground evaporation, and 16% interception loss in Dirmeyer
et al. [2006]), our simulated canopy interception loss ratio in
the 7-model average at the local and regional scale validates
quite well with site-scale observations in corresponding
regions (Table 2) [Wang et al., 2007].
[18] The differences between GCM scenarios in the pattern of evapotranspiration response to the CO2-induced
climate and physiological changes (Figure 5, left column)
reflect primarily the differences in precipitation and temperature changes projected by the GCMs used. In large portions
of the middle and/or high latitudes, strong warming accompanied by increased precipitation promotes higher evapo-

transpiration under all GCM scenarios except GFDL (which
predicts strong decrease of precipitation over midlatitudes)
and GISS (which predicts very weak warming). In these two
models over large portions of the northern middle and high
latitudes, reduction in transpiration due to water stress or
CO2-induced stomatal closure dominates or offsets the
accelerating effect of warming on evapotranspiration.
In the case of the GFDL model, another factor contributing
to the decrease of evapotranspiration is the runoff increase
due to higher rain intensity. In the wet tropics where water
stress rarely occurs (e.g., tropical South America and Central
Africa), no matter how precipitation changes, evapotranspiration increases in all the GCM scenarios, as temperature is
the primary influencing factor. In the relatively arid portions
of tropical and subtropical regions where evapotranspiration
is water limited, the spatial pattern of evapotranspiration
changes due to the combination of climate change and the
CO2 physiological effect for the different GCM scenarios
simply follow the spatial patterns of precipitation changes.
Substantial areas of evapotranspiration decrease are found
under most GCM scenarios over southwestern North America, North Africa, South Africa, and Australia. Over these
arid regions, the magnitude of evapotranspiration decrease
reflects that of precipitation decrease, since precipitation
equals evapotranspiration with no runoff term in the water
balance equation.
3.2.2. Runoff
[19] The left column of Figure 6 shows the combined
impact of climate change and CO2 physiological effects on
total annual runoff (surface runoff plus subsurface drainage)
for the eight GCM scenarios. Increased amount and/or
intensity of precipitation cause increases in runoff in large
portions of the northern middle and high latitudes under all
scenarios, although increases are weaker and less extensive
under the GISS and HadCM scenarios. Runoff decreases
resulting from reduced precipitation are widespread in the
tropics under most GCM scenarios. Over arid regions (e.g.,
southwestern North America, North Africa, southern Africa,
and Australia), precipitation is much lower than potential
evaporation, leading to zero runoff. In such regions, runoff
remains zero in case of precipitation decrease or even slight
precipitation increase.
[20] In response to changes in vegetation distribution,
runoff decreases in many portions of the globe across the
GCM scenarios (Figure 6, right column). The decreases in
runoff are due to increases in LAI, which enhance interception of water by canopy, thereby reducing the amount of
precipitation reaching the ground. Conversely, the strong
decrease of LAI in parts of South America and Central
Africa under the HadCM scenario causes runoff to increase.
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Figure 6. Spatial distribution of changes in annual runoff between preindustrial and future states (in
mm) due to climate and CO2 changes combined (left column), and due to vegetation structural changes
alone (right column), for the eight different GCM scenarios.
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[21] Based on the water balance equation, it is easy to
understand that Figure 6 (left column) is largely the mirror
image of Figure 5 (left column) with an opposite sign.
3.2.3. Soil Moisture
[22] The response of soil moisture to climate changes and
to vegetation structural changes during different seasons
is examined. Differences among different seasons, even
between DJF and JJA, are surprisingly negligible. Figure 7
shows the results in DJF as an example. The first column of
Figure 7 shows the combined impact of climate change, CO2
physiological effect and structural vegetation feedback on
soil moisture content for DJF. The middle column depicts the
impact of climate and physiological vegetation feedback on
soil moisture, while the third column isolates the role of
structural vegetation feedback alone. Without considering
changes in vegetation structure, climate change and CO2
lead to wetter soils in large portions of the northern high
latitudes and little changes in the middle latitudes under all
the GCM scenarios. Structural vegetation changes, however,
substantially modify this, resulting in drier soils in large
portions of the midlatitudes in future climate. The drying
signal from structural vegetation feedback results primarily
from increased evapotranspiration due to increases in LAI. In
the tropics however, under most scenarios, decreased precipitation and/or increased evapotranspiration due to the
combined climate and CO2 physiological effects lead to
drier conditions (Figure 7, middle column), and the impact
of structural vegetation feedback is mostly small. The
exception is found in the HadCM scenario, where structural
vegetation changes in the tropics (from forest to grassland)
have a wetting impact. Overall, predicted soil moisture
changes are dominated by the combined impact of climate
changes and CO2 physiological effect in the tropics, and
by the impact of vegetation structural changes in the
midlatitudes.

climate change and CO2 physiological effects. Vegetation
structural changes, however, produce widespread decreases
in ground evaporation across the globe, with some exception in West Africa. The combined climate and CO2
physiological effect on total evapotranspiration is an
increase in the wet tropical regions and most of the
midlatitudes, and a decrease in the subtropics, with negligible effects in the high latitudes. Vegetation structural
changes substantially increase total evapotranspiration over
a major portion of the globe, including parts of South
America, tropical Africa, Southeast Asia, and in the northern latitudes north of approximately 45°N. Averaged over
the globe, the increase in evapotranspiration due to structural vegetation feedback is of a magnitude comparable to
that due to climate and CO2 changes (equivalent to 78% of
the increase due to climate and CO2 changes). This suggests
that vegetation feedback could further accelerate the atmospheric branch of the global water cycling under future
climate change.
[25] Runoff increases in northern high latitudes and
decreases elsewhere due to climate change and CO2 physiological effects. In contrast to its impact on evapotranspiration, structural vegetation feedback reduces runoff across
the globe. Because of the lack of vegetation feedback to the
atmospheric climate (therefore to precipitation), the impact
of vegetation structural change on runoff and that on
evapotranspiration are similar in magnitude but opposite
in direction.
[26] Soil moisture also generally increases in the northern
mid and high latitudes, but decreases in most of the tropics,
due to the combined climate change and CO2 physiological
effect. Vegetation feedback enhances wetness in the high
latitudes but leads to strong midlatitude dryness.

3.3. Overall Model Behavior in Surface Hydrologic
Response
[23] The simulated impacts of vegetation structural
changes on evapotranspiration and runoff are broadly consistent in seven of the eight GCM scenarios (Figures 4 and
5), although their impact on soil moisture shows little
consistency between the different GCMs during both DJF
and JJA especially in the tropics (Figure 6). Figure 8
presents the 7-model average changes to demonstrate the
overall/average model behavior in hydrological response.
The HadCM-driven simulation was the one excluded in the
averaging as it shows particularly extreme or opposite
response in the tropics.
[24] As a consequence of CO2-induced climate and physiological changes, canopy interception loss increases in
portions of the tropics (especially in the rain forest regions)
but shows little discernable changes in middle and high
latitudes. Structural vegetation feedback increases canopy
interception loss across the globe. Transpiration decreases in
some tropical and subtropical areas, notably southwestern
North America, northern South America, West Africa, and
southern Africa, as a result of climate change and CO2
physiological effects. Vegetation structural changes enhance
transpiration in portions of the midlatitudes and reduce it in
most of the tropics. Ground evaporation is accelerated in
large parts of the tropics and midlatitudes due to combined

[27] The use of a land surface model, climate change
predictions by eight GCMs, and simulated potential natural
vegetation conditions consistent with the climate predictions, enabled us to answer the question raised in the
introduction: Does the structural vegetation response to
climate change considerably modify the influence of climate
change on surface hydrological processes? Generally, such
vegetation feedback increases temperatures in parts of the
northern middle and high latitudes during the DJF season
and reduces temperatures in these regions during the JJA
season, but the impact is rather small in comparison with the
combined climate change and CO2 physiological effect. Its
impact on the hydrological processes is much stronger than
on the thermal state of the climate. Structural vegetation
feedback substantially enhances evapotranspiration and
reduces runoff in large areas across the globe, suggesting
that structural vegetation feedback could further accelerate
the atmospheric branch of the hydrological cycle. All GCM
scenarios show a widespread soil drying signal over large
areas in the northern middle latitudes and a wetting signal in
high latitudes in response to changes in vegetation structure.
In the tropics, the impact is uncertain due to inconsistencies
among the GCM scenarios. In many regions, the impact of
the structural vegetation feedback is at a magnitude comparable to or even larger than the impact of the combined
climate change and CO2 physiological effect.

4. Discussion and Conclusions
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Figure 7. Spatial distribution of soil moisture (soil water depth) changes between preindustrial and
future states (in mm) due to a combination of changes in climate and CO2, and vegetation changes in
response to climate and CO2 changes (first column), due to climate and CO2 changes combined (middle
column), and due to vegetation structural changes alone (third column), during December to February for
the eight different GCM scenarios.
13 of 16

G03011

G03011

ALO AND WANG: HYDROLOGIC IMPACT OF VEGETATION CHANGES

Figure 8. Spatial distribution of changes in individual components of annual evapotranspiration and the
annual surface water budget between preindustrial and future states due to a combination of climate and
CO2 changes (left column), and due to vegetation structural changes alone (right column), averaged over
all the different GCM scenarios excluding HadCM.
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[28] This study utilized recent multimodel climate predictions to reinforce previous modeling evidence [e.g.,
Bonan et al., 1992; Levis et al., 2000; Feddema et al.,
2005] that changes in vegetation cover, either in response to
climate change and elevated CO2 or due to human land use
changes, exert an important influence on the hydrologic
response to climate change and elevated CO2. For example,
without considering structural vegetation feedback, our
results show that climate change and the physiological
effect of CO2 has little impacts on soil moisture in northern
middle latitudes, while inclusion of vegetation response
leads to a strong drying signal. Also, climate change and
CO2 physiological effects together reduce runoff and
increase evapotranspiration in the tropics while including
structural vegetation feedback can double the runoff reductions (and evapotranspiration increases) in most of the
tropics.
[29] Wang [2005] analyzed the predicted impact of the
greenhouse warming on soil moisture changes by fifteen
GCMs (including seven of the GCMs applied in this study)
based on data from the IPCC data archive. She found a low
level of consistency among the GCMs in predicting soil
moisture changes whereas predicted precipitation changes
were quite consistent among the GCMs. It was suggested
that differences in simulated soil moisture changes among
the GCMs are largely due to differences in land surface
schemes. Using one land surface model driven with climate
change predictions from different GCMs in the present
study allowed us to explore a possible range of alteration
of surface hydrological impacts of climate change by
changes in natural vegetation distribution. Our results may
be limited by the particular model used in this study. For
instance, Wang [2005] also found that soil moisture changes
show strong seasonal dependency in some GCMs and weak
seasonal dependency in others. CCSM, which uses CLM3.0
as its land component, was among the models that demonstrated very weak seasonality in soil moisture changes. In
this study too, we see very little seasonality in the simulated
soil moisture changes.
[30] The physiological response of plants to elevated CO2
as observed in short-term controlled field or greenhouse
experiments may differ in real-world ecosystems as atmospheric CO2 increases into the future due to possible
nutrient limitations on photosynthesis and acclimatization
of plant physiological processes (e.g., photosynthesis) to
elevated CO2 and temperature [Norby and Luo, 2004;
Rustad, 2006]. Moreover, the scaling of the leaf-level
experiments to the canopy and ecosystem scale remains a
challenge [Luo et al., 2004; Norby and Luo, 2004]. Thus the
representation of CO2 effects on photosynthesis and stomatal conductance in CLM-DGVM is a potential source of
uncertainty in the simulated vegetation structural changes
and, consequently, the simulated surface hydrological
impacts. Dispersal capabilities of plant species and human
land use changes, effects not included in the present study,
may limit plant migration under future climate change
[Neilson et al., 2005; Higgins and Harte, 2006]. This adds
some uncertainty in the modeled changes in vegetation
coverage and related hydrological impacts. Furthermore,
the effects modeled here, both the response of vegetation
cover to CO2-induced climate change and its impact on
hydrological processes, are simulated using offline land
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surface and vegetation models driven with prescribed climate
forcings. The feedback from vegetation on climate forcing is
therefore missing. Nonetheless, this multi-GCM based analysis provides a first-order estimate of the magnitude and
direction of possible surface hydrological responses to
climate- and CO2-induced vegetation changes, and demonstrates that structural vegetation feedback could substantially
influence the response of hydrological conditions to the
CO2 and climate changes at regional to global scales.
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